Lime (Citrus aurantiforia Swingle) is one of the important medicinal herbs used in Thailand's traditional medicine. Lime and its derivatives including lime juice, lime peel and lime oil provides a whole range of medicinal properties. Especially, d-limonin from lime oil is suggested to have cancer-chemopreventive and anticarcinogenic properties, making it a potential candidate for industrial production for use as a medicinal herb. Technology has already been developed in which freeze-dried lime powder retains the same quality of fresh lime juice. Freezedried lime powder processing in this study includes lime powder processing, lime oil extraction and lime peel processing. The designed production process has considered the wastes from lime powder production process, which are the peels after squeezing and filtering off seeds. The waste utilization process has been divided into two sequential processes. The first one is lime oil extraction, done by squeezing oil from the lime peels and grinding the seeds, followed by steam extraction. The second process is lime peel processing using the peels obtained from the first process for the production of pickled lime, lime jam, lime marmalade or sweet lime. The residue of the ground seed and other wastes from the extraction process can be used as biopesticides or fertilizers. This process resulted in zero discharge by the end of the process. The clean production on freeze-dried lime powder processing has been implemented by the Pilot Plant Development and Training Institute, KMUTT. The results showed high productivity and low environmental impact. The preliminary study on financial analysis showed high feasibility for commercial production.
INTRODUCTION
Lime (Citrus auranliforia Swingle), locally known as Ma-nao, is one of the important sources of plant-derived medicinal herbs used in Thailand. Because of the unique flavor and range of medicinal properties of lime and its derivatives, it has been used both for enhancing the taste of various Thai foods and is popular for use in Thai traditional medicine. Moreover, d-limonin the major constituent of lime oil in lime peel has been shown to have cancer-chemopreventive and anticarcinogenic properties (Crowel and Gould, 1994; Chaisawadi et al., 1998) . Thousands of tons of this fruit are consumed yearly, indicating its importance in Thai agricultural economy. Although this fruit grows all year round in Thailand, it has a short period on low production causing a great demand during the time of scarcity. It is, therefore considered desirable to process lime juice to freeze-dried lime powder. The freeze-dried lime powder that retains the same quality as fresh lime juice has been developed (Chaisawadi et al., 2000 improvements in the clean production system can be made to increase productivity and decrease operating cost. Clean production using clean technology on commercial freezedried lime powder was designed by Allan in the early 90's (Allan, 1992) . Development of commercial production on lime juice processing to meet the zero discharge criteria were proposed. The main objective in this study was to investigate waste utilization on commercial freeze-dried lime powder processing resulting in high productivity.
MATERIALS AND METHODS
Clean production of commercial freeze-dried lime powder has been designed ( Fig.  1) . The production process consists of the two main steps: a freeze dried lime powder process and the waste utilization process including lime oil extraction and lime peel processing ( Fig. 2 and Fig. 3 ). This process set up as pilot plant and implemented by the Pilot Plant Development and Training Institute (PDTI), King Mongkut's University of Technology Thonburi (KMUTT). A washing machine, a lime juice extractor, a lime debittering machine and a lime oil extraction machine were purchased domestically or developed by KMUTT staff. Freeze-dried lime powder was produced by CHRIST customized freeze dryer model DELTA 1-24 KD.
One ton of fresh lime fruits was utilized in this study. Limes were harvested at commercial export maturity and collected from Amphur Thayang, Petchburi province. Every part of the lime has a commercial use in food, medicinal herbs and nutritional health benefit products. A preliminary study on financial analysis was performed. All chemicals and materials used in this process were food grade.
RESULTS AND DISCUSSION
One ton of lime fruits produced 435 kg of lime juice, 12 kg of lime seed, 438 kg of lime peel and 115 kg of the mixture of lime juice and lime oil extracted from peels. The 435 kg of lime juice produced 60 kg of freeze-dried lime powder; 12 kg of lime seed and 115 kg of the mixture of lime juice and lime oil produced 2 L of lime essential oil, 8 kg of lime seed as biopesticide and 100 kg of fertilizers. 438 kg of lime peel produced 600 kg of lime peel processing products, for instance, pickled lime, sweet lime, salted cured lime, lime jam and marmalade. (Fig. 4 and Fig. 5 ). The designed process showed zero discharge with 500 L of water usage in the washing process and cleaning the plant. The water used in the process went through an on-site cleaning/filtering system and was recycled as irrigation water. The estimate investment cost of the project was 36.1 million baths. All data were included in the preliminary financial analysis. The results showed that the internal rate of return (IRR) of this project was 32% with a payback period (PP) of 2.91 years and a net present value (NPV) of 43 million baths at a require rate of return 8% (Table 1 ). The primary products of the pilot plant was freeze-dried lime powder which retained the same quality of fresh lime juice with high stability for at least one year in suitable package. The production process considered wastes from the lime powder processing process, including peels and filtered off seeds. All have a commercial use and nothing goes to waste. The waste utilization products are an important ingredient for traditional medicine and nutritional health products. Lime essential oil is used in aromatherapeutic products such as massage oil, body lotion, shampoo, and bath foam. Lime peel processing products are used as ingredients in health foods and Thai traditional medicine. Lime seed is used for biopesticides and the mixture of lime juice and lime oil from lime oil extraction process are used for fertilizer ingredients.
CONCLUSIONS
The designed clean production of freeze-dried lime powder meets the zero discharge criteria with whole range of waste utilization on the demonstrated pilot plant. The high potential use of waste utilization products for nutritional health, medicinal herbs and aromatherapy have been shown. The results give high productivity and low environmental impact for the designed process. The preliminary financial analysis shows high feasibility. High potential for clean production of commercial freeze-dried lime 
